Objective To assess associations of pre-, perinatal, and parental factors with age and magnitude at body mass index (BMI) peak and rebound.
Methods
Children were participants in Project Viva, an ongoing prospective cohort study of pre-and perinatal influences on maternal, fetal, and child health. We recruited eligible pregnant women at clinical visits during the first trimester of pregnancy between 1999 and 2002 from 8 obstetric offices of Atrius Harvard Vanguard Medical Associations, a multisite group practice in Eastern Massachusetts, as detailed elsewhere. 19 Of 2128 live singleton births, we modeled BMI trajectories in 1681 (78.9%) children who had ≥3 BMI measurements from birth to mid-childhood (median 92.5; range 78.8-131.2 months) (Figure 1 ; available at www.jpeds.com), for a total of 20 598 BMI measurements (Table I ; available at www.jpeds.com).
Mothers provided written informed consent at enrollment and each postnatal follow-up visit at infancy, early, and midchildhood. The institutional review board of Harvard Pilgrim Health Care approved the project in line with ethical standards established by Declaration of Helsinki.
Parental Obesity
Mothers reported their prepregnancy weight, height, and father's weight and height via questionnaires and interviews at recruitment. We calculated prepregnancy and paternal BMI (in kg/m 2 ) as self-reported prepregnancy or paternal weight divided by height squared respectively, and categorized obesity as follows: both nonobese (prepregnancy and paternal BMI <30 kg/m 
Parental Socioeconomic Status
Mothers reported their and fathers' highest education via questionnaires and interviews at recruitment. We categorized parental educational level as neither university-educated or mother, father, or both university-educated. We also calculated median annual household income for census tract of residence at delivery using data from the 2000 US Census. 20 
Other Maternal Factors
Mothers reported their smoking history via questionnaires at recruitment. As detailed previously, 21 we used measured weights recorded in the outpatient medical records and self-reported prepregnancy weight to calculate trimester-specific gestational weight gain. We obtained results of a 2-stage clinical glycemic screening and used them to categorize women as having normoglycemia, isolated hyperglycemia, impaired glucose tolerance (IGT), or gestational diabetes (GDM), based on criteria previously detailed. 16 We also extracted data on parity and hypertensive disorders of pregnancy (normal blood pressure, gestational hypertension, chronic hypertension, or preeclampsia) from hospital medical records.
Child Factors
We extracted data on infant sex and birth weight from hospital medical records. We calculated length of gestation in days by subtracting the date of the last menstrual period from the date of delivery. If gestational age according to the secondtrimester ultrasound scan differed from that according to the last menstrual period by >10 days, we used the ultrasound result to determine gestational duration. We calculated birth weight-for-gestational age and sex z scores from a US national reference. 22 The mother reported her child's race/ethnicity, which we categorized as white, black, Hispanic, Asian, or other. We obtained information on initiation of breastfeeding at postdelivery interviews, as detailed previously. 23 During research examinations at birth, in infancy (median 6.3 months; range 4.9-10.6 months), early childhood (37.9; 33.6-72.5 months), and mid-childhood (92.5; 78.8-131.2 months), 19 trained research assistants measured weight and length/ height using standardized protocols. 16, 24, 25 We also obtained additional data on weight and length/height from medical records, where pediatric clinics recorded length/height and weight data at each well-child visit during infancy and childhood. As described previously, clinicians used the paper-and-pencil technique for measuring recumbent length for infants 0-2 years at pediatric clinics. 26 We applied a correction algorithm to account for the systematic overestimation of clinical lengths resulting from this technique. 26 Using both research and clinical measures, we calculated BMI as weight in kilograms divided by length or height in meters squared.
Statistical Analyses
To estimate BMI peak and rebound, we used statistical models, rather than direct observations and visual inspection of individual BMI-for-age curves, 27 which is prone to large interobserver variation. 28 Furthermore, not every child had multiple measures of weight and stature at enough time points to allow us to directly observe the peak and rebound characteristics; applying the models allowed us to estimate these characteristics for a larger number of children in the cohort. We fitted individual BMI curves using mixed-effects models with natural cubic spline functions for age to capture the nonlinear trend in BMI. Random effects were included in the model to account for repeated measures in the same child and to capture the nonlinear trend in BMI. We applied constraints to increase stability of the curve 29 by fixing the spline to be linear prior to 0.1 months and after 131. where kmin and kmax = boundary knots, kj = interior knot point j between boundary knots; m = number of interior knots between boundary knots; j = 1, 2, . . ., m; e = residual and (agekj) 3 + is defined as age−k if age ≥ kj. The random effects component of the model contained random effects for the intercept, linear age slopes, and spline functions.
We considered 2 approaches to select knot locations: at equally spaced percentiles 30 between birth and 131.2 months or at the median, minimum, and maximum ages of each of 3 developmental periods: infancy and early and mid-childhood.
We determined the optimum number and location of knots using the Bayesian information criterion. The optimal number was 6 knots for both fixed and random effects, located at 0.1, 4.9, 10.6, 37.9, 92.5, and 131.1 months of age (Table I) . We assessed model fit using a residual plot of observed and predicted BMI. As the initial residual plot (Figure 2, A; available at www.jpeds.com) revealed heteroscedasticity in residual errors over age, we accounted for it by estimating residual error parameters over categorical distributions of age (Figure 2 , B; available at www.jpeds.com).
We derived sex-specific trajectories by including interactions of child sex with spline terms as fixed parameters into the model and by modeling BMI trajectories separately for boys and girls. As the trajectories derived were similar for both approaches, we present those based on the first approach (both sexes together with interaction terms). We estimated the age (in months) at peak and rebound by differentiation of the subject-specific BMI curve; the peak and rebound are located at ages where the derivative of the curve equals zero. We estimated the magnitude (kg/m 2 ) at peak and rebound as the highest and lowest points, respectively, of the child-specific BMI curve. This approach has been used in other studies. 2 Among the 1681 children with ≥3 BMI measures, 1608 (75.6%) had estimable BMI peak and rebound, 42 had no BMI peak (ie, showed no decline in BMI after the rise in infancy), and 30 had no BMI rebound (ie, showed no increase in BMI after the decline in early childhood) (Figure 1) . Figure 3 (available at www.jpeds.com) illustrates the observed and fitted BMI data of children with estimable BMI peak and rebound (n = 6), no BMI peak (n = 2), and no BMI rebound (n = 2), who were selected randomly from each group using a random number generator.
We examined correlations between pairs of BMI trajectory milestones (age and magnitude at peak and rebound) using Pearson correlations. We first screened for the following potential predictors: maternal age, median annual income for census tract of residence at delivery, parity (nulliparous, multiparous), smoking history (never smoked, smoked before pregnancy, or smoked during pregnancy), height, trimester-specific gestational weight gain, glucose tolerance (normoglycemia, isolated hyperglycemia, IGT, or GDM), and hypertensive disorders of pregnancy (normal blood pressure, gestational hypertension, chronic hypertension, or pre-eclampsia); obesity and education level for both parents; and child's gestational age at delivery (<37 or ≥37 weeks), sex (male or female), race/ethnicity (white, black, Hispanic, Asian or others), birth weight-for-gestational age z score, and breastfeeding initiation (no or yes) using univariable linear regression analyses. We selected factors based on P < .25 for further multivariable analysis; this cutoff value is supported in previous literature 31, 32 and allows for clinically relevant factors to be included even if statistically nonsignificant in univariable analyses. 32 Subsequently, we built multivariable linear regression models with factors selected in the first step, using a forward stepwise selection approach and P < .25 as an entry criterion. We forced race/ethnicity into all models to account for known associations of child race/ethnicity with BMI peak and rebound. 1, 8 To assess the robustness of predictors identified using this approach, we repeated the analyses using backward stepwise selection and also by simultaneously including all factors identified from the univariable analyses into regression models of age and magnitude at peak or rebound. We created visual representations of the examined predictors of BMI peak and rebound by stratifying the estimated BMI trajectories derived in stage 1 according to the following subgroups: parental obesity and education categories, maternal hypertensive disorders of pregnancy, glucose tolerance status, and smoking history. We restricted all analyses to those without missing data and who had estimable peak and rebound (n = 1354 [63.6%]; Figure 1 ). Analyses were performed with Stata 15 software (StataCorp LP, College Station, Texas). Table II describes the characteristics of children with estimable peak and rebound; the mean (SD) of age at peak was 8.4 (2.7) months and at rebound was 59.8 (19.6) months, and the mean (SD) of magnitude at peak was 18.0 (1.4) kg/m 2 and at rebound was 15.9 (1.2). Table III (available at www.jpeds.com) describes differences in characteristics between children who did and did not have estimable BMI peak and rebound. Children without estimable BMI peak were more likely to be Hispanic, had parents who were obese, and were less likely to have university-educated parents than children with estimable BMI peak and rebound. Ages at peak and rebound were not correlated, and magnitude at peak and rebound were strongly correlated (r = 0.72). Age at peak showed weak correlations with magnitude at peak (r = −0.17) and rebound (r = .09), and magnitude at peak was not correlated with age at rebound.
Results
Table IV (available at www.jpeds.com) describes the crude associations of parental and child characteristics with ages at peak and rebound and lists the variables that passed the multivariable model selection criteria. Table V shows the results of the forward and backward stepwise multivariable analyses. Girls had a later age at peak (by 0.8 months [95% CI 0.5-1.1]) and earlier age at rebound [−7.8 months (−9.8, −5.8)] than boys, and Asian children had an earlier age at BMI peak than white children. Maternal GDM (vs normoglycemia) was associated with age at peak in crude analyses, although this was attenuated to nonsignificance in stepwise analyses. Maternal obesity (vs neither parent obese; Figure 4 , A), pre-eclampsia (vs normal blood pressure; Figure 4 , B), and isolated hyperglycemia (vs normoglycemia; Figure 4 , C) were associated with older age at BMI peak, and gestational weight gain was not associated with age at peak (Table VI; available at www.jpeds.com). Black children had an earlier age at rebound than white children in crude analyses, which was attenuated to nonsignificance in stepwise analyses. Maternal, paternal, or biparental obesity (vs parental nonobese; ORIGINAL ARTICLES glucose tolerance, and child race/ethnicity were not significantly associated with age at rebound ( Table VI) .
Table VII (available at www.jpeds.com) describes the crude associations of parental and child characteristics with magnitude at BMI peak and rebound and lists the variables that passed the multivariable model selection criteria. Table VIII  describes were associated with a lower magnitude at BMI peak. Maternal age, residence income, smoking history, height, gestational weight gain, and hypertensive disorders of pregnancy were not associated with magnitude at peak BMI (Table IX ; available at www.jpeds.com). Biparental obesity (Figure 4, A) , greater maternal first-trimester gestational weight gain (0.03 kg/m 2 [0.01, 0.06] per kg increase) and maternal smoking during pregnancy (vs never smoked; Figure 4 , E) were associated with a greater magnitude at BMI rebound, and biparental university education (vs neither parent university-educated) was associated with a lower magnitude at rebound (Figure 4, D) . Maternal height, residence-based income, glucose tolerance, hypertensive disorders of pregnancy, and child race/ethnicity were not associated with magnitude at BMI rebound (Table IX) .
Discussion
In this cohort of 1354 children, known risk factors of childhood BMI, such as parental obesity and socioeconomic status, greater maternal gestational weight gain, and smoking during pregnancy were associated with BMI trajectory milestones. We also noted sex and ethnic differences in age and magnitude at peak and rebound. Furthermore, we demonstrated associations of other gestational exposures (glucose intolerance and hypertensive disorders) with BMI peak milestones, which have not been reported previously.
We found maternal smoking during pregnancy and gestational weight gain to be positively associated with magnitude at BMI rebound, similar to previous reports from our own cohort, 18, 33 as well as other studies 34, 35 showing positive associations between these risk factors and childhood BMI. Our results also suggest that children of mothers with isolated hyperglycemia and pre-eclampsia have different ages at BMI peak from those of children of normoglycemic and normotensive mothers. Although children of mothers with IGT had a lower magnitude at peak BMI, they appeared to have greater BMI at mid-childhood than children of normoglycemic mothers, arguing for the importance of examining the entire BMI trajectory for these children. Although we have no clear biological explanation for these observations, genetic, epigenetic, and environmental mediators should be explored in future research. There is also evidence to suggest that gestational glucose intolerance and hypertensive disorders are associated with fetoplacental vascular endothelial dysfunction, leading to altered postnatal growth and development, 36 a phenomenon commonly associated with future development of chronic diseases. More importantly, the predictors we have identified are potentially modifiable through behavior-change interventions, [37] [38] [39] suggesting that they could be targets for changing BMI peak and rebound in children and may contribute to future obesity prevention.
Our results confirm earlier findings 1,40 that magnitudes at BMI peak and rebound were strongly correlated with each other, even though the ages at which these milestones occurred differed across studies. These latter differences are partly due to different study populations or statistical modeling methods. We used a semiparametric modeling approach using natural cubic splines to fit subject-specific BMI trajectories, a technique favored for its greater flexibility and improved data fit compared with other methods. 7, 29 The advantages and disadvantages of other approaches in modeling BMI trajectories have been described previously. 7 However, our primary objective was to characterize BMI peak and rebound, and our approach sufficed for obtaining precise milestone estimates, given our model flexibility and good data fit.
Our finding of ethnic differences in BMI peak corroborates earlier studies reporting that black infants had greater magnitude at BMI peak, 8 and Asian children had earlier age at BMI peak 2 than white infants. Previous studies have suggested that socioeconomic differences may explain different childhood obesity patterns between black, 41 Asian, 42 and white children. In our study, however, the differences persisted even after adjusting for socioeconomic status. In line with previous studies, 1,2,9,43 we observed that birth weight is directly associated with magnitude at BMI peak and rebound. This association may be explained by tracking of body size from birth to mid-childhood. 44 Our observation that girls had a later age at BMI peak, earlier age at BMI rebound, and lower magnitude at peak and rebound than boys is also consistent with previous studies. 1, 2, 8 These sex differences may be explained by differences in sex hormones, diet, or physical activity levels. We also observed that noninitiation of breastfeeding was associated with an earlier age at rebound, which could be the result of residual confounding (breastfeeding is strongly socially patterned 45 ) or could be caused by prolonged breastfeeding in the group that initiated it. 46 The evidence surrounding breastfeeding duration and BMI rebound remains equivocal, however. 1, 10, 11 Further investigation is required to ascertain the potential influence of breastfeeding on timing of adiposity rebound.
Consistent with recent studies, 13, 15, 47 we found parental obesity to be predictive of earlier age and greater magnitude at BMI rebound. This may be partly explained by inheritance of obesity susceptibility genetic variants. Using genome-wide scans, Felix et al 48 identified 12 known adult genetic loci that were associated with childhood BMI. The association of parental obesity with BMI rebound also may be driven by unhealthy parental lifestyles that contribute to an obesogenic family environment. 49 It is known that a later age and greater magnitude at BMI Figure 4 . Estimated BMI trajectories from birth to mid-childhood according to A, parental obesity categories; B, maternal hypertensive disorders of pregnancy; C, maternal glucose tolerance status; D, parental education level; and E, maternal smoking history during pregnancy. BMI trajectories were derived using mixed-effects models with natural cubic spline functions for age.
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Volume 201 peak 2, 43 and an earlier age at BMI rebound 5, 6 predict a greater risk of developing obesity and metabolic syndrome later in life. Other studies 40 also have reported that a later age at rebound was associated with a better cardiometabolic profile in adulthood (lower BMI, waist circumference, and odds of metabolic syndrome). Taken together, our observations provide further support for parental obesity as a useful marker of children who are likely to experience worrisome growth patterns.
In our cohort, parental university education was associated with lower magnitude at BMI peak and rebound, in line with reports of socioeconomic disparities in childhood BMI. 50, 51 Less-educated parents may be less aware of healthy weight targets for their children and how those targets can be achieved. Greater parental education level may lower the risk of children attaining a high BMI through better incorporation of health education messages in the parents' daily lives, better access to healthcare services, and better communication with healthcare personnel. 52 Motivational interviewing approaches to educate parents of low socioeconomic status about healthy parental feeding practices can favorably influence weight trajectories in their children. 53 Our study was based on a single assessment of education level at time of recruitment and did not specifically address health literacy or knowledge of obesity risk factors. Furthermore, our findings may not be generalizable to populations of low socioeconomic status, as all participants in this study were predominantly well-educated and had health insurance.
One limitation of our study is that we estimated BMI peak and rebound from statistical models, rather than direct observations using visual inspection of individual BMI-for-age curves. 27 Our models showed mean residual errors (differences between observed and predicted BMI) that were close to zero across all ages, however. Modeling the entire curve from birth is likely to provide more precise estimations of peak and rebound than visual inspection of raw BMI values, which is subject to large interobserver variation. 1, 28 Second, our study findings may not be applicable to other racial groups, because a majority of our participants were white. Lastly, our findings are applicable only to children with estimable BMI peak and rebound as we excluded children without estimable BMI peak or rebound from our analyses.
Many of the predictors we found are amenable to behaviorchange interventions. Future studies are warranted to identify whether intervening on these factors are effective in changing BMI peak and rebound in children, and if so, whether such intervention can reduce the risk of later obesity and its long-term cardiometabolic consequences. ■ 
Data Statement
Data will be made available on request. October 2018
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77.e2 Figure 3 . Fitted BMI trajectories of 10 children with estimable BMI peak and rebound, without estimable BMI peak (ie, showed no decline in BMI after the rise in infancy), and without estimable BMI rebound (ie, showed no increase in BMI after the decline in early childhood). 
